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Introduction 
 
Image analysis provides tools to measure change in the size and shape of the brain. These 
changes can be caused by disease processes (eg: atrophy caused by Alzheimer’s disease), 
therapies, normal aging or normal development (most dramatic in-utero and in neonates), 
neurosurgery, or changes in physiological parameters such as blood gas mixture or hydration. 
 
The most widely used techniques for measuring brain deformation of all these types are based 
on longitudinal imaging with 3D gradient echo volume scans, normally T1 weighted.  This 
tutorial reviews the methods that are widely used, and their applications. It also discusses the 
difficulties caused by image artefact. 
 

Methods for Quantification of the change in brain size or shape 
 
The oldest technique for measuring changes in brain size from MR scans is volumetry. Brain 
volumetry, at its most basic, involves using a mouse or similar device to draw around 
structures of interest in the brain, one slice at a time, at all the time points of interest, and count 
voxels within the boundaries to determine volume change between time-points.  The 
limitations of this approach are firstly, the effort required from a skilled operator (can be 
several hours per brain), and secondly the subjectivity.  The subjectivity can cause poor 
reproducibility, as inter-observer variability can be high. 
 
The limitations of volumetry lead researchers to devise more computationally sophisticated 
approaches to reduce the interaction time and hence make the techniques more widely 
applicable, and/or to increase the precision to make the techniques more sensitive to change.  
Fully automatic brain extraction1 can be used for volumetry, but these techniques have not yet 
been shown to have sufficient precision to quantify the subtle changes over time that are of 
interest. Alternative approaches can use intensity information to increase the precision.  
 
The Boundary shift integral2 makes use of accurate segmentions obtained interactively, but 
rather than just calculating volumes, registers the repeat scans back to the baseline using rigid 
registration, and uses this transformation to transform the repeat segmentation into base-line 
coordinates.  The algorithm then creates a “between borders” region using  an XOR operation 
on the two segmentations in baseline coordinates. Differences in the scans that lie in a defined 
intensity range are then integrated over this “between borders” region, approximating the 
volume traversed by the brain/ CSF boundary over time. The technique is less sensitive to 
segmentation errors than volumetry as it ignores differences where the paired intensities are 
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similar (e.g., CSF on both scans) and at the upper or lower ends of the voxel range (i.e., not 
representing a change from brain to non-brain tissue). The BSI has been shown to have a 
reproducibility about 5 times great than interactive delineation.   
 
The SIENA3 algorithm uses intensity gradients in registered and transformed images to 
estimate atrophy, but is entirely automatic.  
 
An alternative approach is to use non-rigid registration rather than rigid registration and 
intensity information. Non-rigid registration of MRI images of the brain can be performed with 
several different algorithms, including methods based on fluid4 or  B-splines control points5 or 
HAMMER6. All these techniques carry out an initial rigid or affine transformation to 
approximately align the different time points, then use local transformations to determine the 
local deformation. These local deformations can be parameterised in many ways, but in most 
cases, are driven by some image similarity measure derived from the voxel intensities. These 
algorithms generate a 3D displacement or deformation field, from which the volume change at 
each voxel can be calculated with a Jacobian operator. The Jacobian values can be integrated 
over regions of interest to generate volume changes in structures of interest, or the deformation 
field can be used to transform reference features by “segmentation propagation”7. These 
techniques have undergone rapid development in the last few years, and their reliability and 
precision is increasing. The advantage of these approaches compared to the intensity 
integration approaches is that they can determine volume change over arbitrary size regions of 
interest.  
 
It is also possible to measure change in time in brain size and shape using methods based on 
the cortex. These include direct application of differential geometry to the brain surface8, or 
measurement of cortical thickness at different time points9.  
 

Application of volume change measurement techniques. 
 
The methods described above are becoming used for an increasingly large number of 
applications. The more sophisticated approaches are often referred to as computational 
neuroanatomy. Some example applications of these techniques are atrophy biomarkers used in 
the evaluation of novel treatments of Alzheimer’s disease10, the study of brain deformation 
during neurosurgery in order to quantify the accuracy of image guided surgery systems11, and 
studying the developing brain12.  There is rapid development of new methods, but validation of 
these techniques remains a research areas of its own right. For most real data, there is no gold 
standard. Validation methods that can be used include measures of consistency, group 
separation of normal and diseased groups (where this is known from pathology), and the use of 
sophisticated simulations of the disease.  It is likely that effective validation of these techniques 
will require aspects of all these approaches.  
 

Causes of error 
 
Image artefact can be a major cause of errors in the quantification of brain deformation13. 
Since artefacts are endemic in MR images, it is important that any method for measuring brain 



deformation is characterised in terms of its sensitivity to artefact. Three main categories of 
artefact are described below: 
 

1. intensity distortion  
 
MRI images often suffer from substantial intensity inhomogeneity.  This inhomogeneity has 
been well studied for 1.5T scanners with birdcage coils, and techniques to correct it have been 
proposed eg: 14.  However with increasing use of higher field strength scanners and array coils 
for neuro-imaging, the types of artefact that arise is becoming more complex, and new methods 
for correcting for intensity distortion are becoming necessary.  With array coils, the signal to 
noise ratio can be substantially improved, but  the B1 receive field is much less uniform than 
with a birdcage coils. Image-acquisition based corrections (using a calibration scan to measure 
the coil sensitivities) are becoming available from all  scanner vendors, but while these 
techniques reduce the intensity inhomogeneity, they lead to spatially varying noise that can 
also cause difficulties for image analysis algorithms. Furthermore, at field strengths above 
1.5T, field focusing leads to B1 transmit inhomogeneity which not-only causes position 
dependent intensity, but also position dependent contrast changes. Acquisition based methods 
can be used to reduce the impact of these effects (eg: by changes in the flip angles used in IR 
prep’d gradient echo sequences), but post-processing methods are also likely to be required.  
 

2. Geometric distortion 
 
Distortion can arise in MRI images due to inhomogeneities in the main field (B0) which can be 
caused by imperfections in the magnet, or from object-induced inhomogeneities. The latter are 
most severe where the patient has metallic implants, but are always present. Various methods 
to correct these distortions have been proposed, but they are not widely used.  
 
A further cause of geometric distortion is the gradients. Design restrictions lead to imperfect 
gradients. The main consequence of this is that if an object is imaged at the isocentre, then at 
the edge of the field of view, the object will be notably distorted between scans. Some scanners 
have post-processing methods built-in to correct for these distortion, but these correction 
schemes are usually 2D, not fully 3D. In practice, careful patient positioning and scan planning 
is advisable to ensure that patients are always imaged within a few millimetries of the same 
position with respect to the isocentre for quantitative studies. Furthermore, even after 
correcting for distortion, there may be residual scaling terms, which can be corrected using 
phantom measurements or, in some cases, can be removed by affine registration during the 
analysis.  
 

3. Motion artefact 
 
Motion artefact can be a major problem in MRI investigations, and causes particular problems 
for image analysis techniques. Bulk motion can cause ghosting and blurring, and pulsatile 
motion in blood vessels or eye-ball motion can cause streaks across the brain.   
 



 

Conclusions 
 
There are many image analysis techniques that can be used for measuring brain deformation. 
This tutorial has focused on those methods based on longitudinal structural MRI images. 
Where deformation takes place over a shorter timeframe (eg: brain pulsation with the cardiac 
cycle), then alternative methods are required to quantify it, and methods such as displacement 
encoding, tagging or velocity encoding can be used. 
 
The methods described here have been shown to have great potential in a number of 
applications, but validation and robustness to arterfact remain important challenges that need 
further research.  
 
                                                 
1 Smith, S. M., 2002. Fast robust automated brain extraction. Human Brain Mapping 17, 143-155 
2 Freeborough, P. A., Fox, N.C., 1997. The boundary shift integral: an accurate and robust measure of cerebral 
volume changes from registered repeat MRI. IEEE Trans Med Imaging 16, 623-629 
3 Smith, S. M., De Stefano, N., Jenkinson, M., Matthews, P.M., 2001. Normalized accurate measurement of 
longitudinal brain change. J Comput.Assist.Tomogr. 25, 466-475 
4 Crum, W. R., Scahill, R.I., Fox, N.C., 2001. Automated hippocampal segmentation by regional fluid registration 
of serial MRI: validation and application in Alzheimer's disease. Neuroimage 13, 847-855. 
5 D. Rueckert, A. F. Frangi, and J. A. Schnabel. Automatic construction of 3D statistical deformation models of 
the brain using non-rigid registration. IEEE Transactions on Medical Imaging, 22(8):1014-1025, 2003 
6 Shen, D. G., Davatzikos, C., 2003. Very high-resolution morphometry using mass-preserving deformations and 
HAMMER elastic registration. Neuroimage 18, 28-41. 
7 Holden M, Schnabel JA, Hill DLG. Quantification of Small Cerebral Ventricular Volume Changes in Treated 
Growth Hormone Patients using Non-Rigid Registration IEEE trans Med. Imag. 21(10):1292-1301 2002 
8 Batchelor PG, Smith AD, Hill DLG, Hawkes DJ, Cox TCS, Dean AF. Measures of folding applied to the 
development of the human fetal brain . IEEE trans Med. Imag. 21(8):953-965 2002 
9 Lerch JP,  Pruessner JC, Zijdenbos A, Hampel H, Teipel SJ, and Evans AC.    Focal Decline of Cortical 
Thickness in Alzheimer's Disease Identified by Computational Neuroanatomy.   Cereb. Cortex 2005 15: 995-
1001Cerebral Cortex 2005 15(7):995-1001 
10 Fox, N. C., Black, R.S., Gilman, S., Rossor, M.N., Griffith, S.G., Jenkins, L., Koller, M., 2005. Effects of A 
beta immunization (AN1792) on MRI measures of cerebral volume in Alzheimer disease. Neurology 64, 1563-
1572 
11 Hartkens T, Hill DLG, Castellano-Smith A, Hawkes DJ, Maurer CR, Martin A, Hall WA, Liu H, Truwit CL. 
Measurement and analysis of brain deformation during neurosurgery. IEEE trans. Med. Imag. 22(1):82-92 2003 
12 Thompson, P.M., Vidal, C., Giedd, J.N., Gochman, P., Blumenthal, J., Nicolson, R., Toga, A.W., Rapoport, J.L. 
(2001). Mapping Adolescent Brain Change Reveals Dynamic Wave of Accelerated Gray Matter Loss in Very 
Early-Onset Schizophrenia, Proceedings of the National Academy of Sciences of the USA, vol. 98, no. 20:11650-
11655 
13 Preboske GM, Gunter JL, Ward CP, Jack CR Jr. Common MRI acquisition non-idealities significantly impact 
the output of the boundary shift integral method of measuring brain atrophy on serial MRI. Neuroimage 2006 (in 
press) 
14 Sled, J. G., Zijdenbos, A.P., Evans, A.C., 1998. A nonparametric method for automatic correction of intensity 
nonuniformity in MRI data. IEEE Trans Med Imaging 17, 87-97 


	Table of Contents
	2006 Annual Meeting Program Committee
	Continuing Education
	Declaration of Speaker Financial Interests or Relationships
	================
	Monday, 8 May 2006
	Hot Topics in Clinical Practice: Neuro Imaging and Body Imaging ~ 11:00 to 13:00 ~ Room 6E
	Molecular Imaging with Cell Tracking in the CNS
	Automated Change Detection in Serial Imaging Studies of the Brain
	Cutting-Edge Imaging of the Spine
	Hot Body MRI: Beyond Anatomy Towards Tissue Function
	Hot Topics in Europe: Whole Body MRI
	Hot New MRA Techniques

	Body MR Problem Solving ~ 11:00 to 13:00 ~ Room 6C
	The Hepatitis C Patient: Early Diagnosis of Cirrhosis and HCC
	Problem Solving with Breast MR

	SMRT and ISMRM Joint Forum: Imaging of the Mother, Fetus and Newborn  ~ 14:00 to 16:00 ~ Room 6D
	Technical Aspects of Scanning the Pregnant Mother: A Technologist's Overview and Perspective ~ No Syllabus Contribution Submitted
	Fetal MR - Including the CNS
	Imaging the Neonatal Brain: Specific Pathologies - Specific Imaging Protocols
	Imaging the Pediatric Patient: Specific Pathologies - Specific Imaging Protocols

	Grant Writing: Opportunities, Needs and Strategies ~ 14:00 to 16:00 ~ Room 6C
	Grants - A Strategic Perspective from a Funding Agency Point of View: Requirements and Expectations
	Grantsmanship: The Essentials ~ No Syllabus Contribution Submitted
	Grants - An Outcome Perspective: Looking Back from a Scientific Publication to Grant Funding - Lessons to be Learned

	MR Physics for Clinicians ~ 16:30 to 18:30 ~ Room 6C
	Spin Gymnastics I
	Spin Gymnastics II ~ No Syllabus Contribution Submitted
	MRI Hardware


	================
	Tuesday, 9 May 2006
	Technical Advances in Body MR ~ 07:00 to 08:00 ~ Room 618-620
	High Field Imaging: A Technical Perspective
	High Field Body Imaging: A Clinical Perspective

	Cardiovascular Imaging ~ 07:00 to 08:00 ~ Room 6D
	Body & Peripheral MRA
	Non-Contrast MRA
	Coronary MRA

	Clinical DTI/PWI/fMRI ~ 07:00 to 08:00 ~ Room 4C-3,4
	What Can Quantitative DCE T1-Weighted MR Imaging Tell Us?
	Grading, Therapy Monitoring, and Predicting Outcome of Glioma

	MR Hardware/Engineering ~ 07:00 to 08:00 ~ Room 611-612
	MRI Main Field Magnets
	Shim Coil Design, Limitations and Implications

	Human MRI and MRS at High Static Magnetic Fields: The Promise, the Challenges, the Solutions ~ 07:00 to 08:00 ~ Room 615-617
	Impediments to High Field MR - A Look at B0 and B1 Field Behavior
	How to Do RF at High Fields

	New Horizons in Musculoskeletal MRI ~ 07:00 to 08:00 ~ Room 613-614
	Biomechanics of Femoral Acetabular Impingement
	MR Imaging of Femoral Acetabular Impingement

	Quantitative Neuro MRI ~ 07:00 to 08:00 ~ Room 602-604
	Latest Advances in Arterial Spin Labeling
	Measuring Oxygen Consumption Using MRI: What Can and Cannot be Done

	Unsolved Problems and Unmet Needs in MR  ~ 07:00 to 08:00 ~ Room 6E
	Techniques for MR Imaging Near Metallic Implants
	Prospects of Absolute B1 Calibration

	Body/Cardiovascular Imaging at 3T ~ 10:30 to 12:30 ~ Room 6C
	Introduction to Body Imaging at 3T: Theoretical Advantages and Practical Challenges
	Musculoskeletal Imaging at 3T
	Abdominal and Pelvic Imaging at 3T
	Cardiovascular Imaging at 3T
	Body and Breast at 3T: Where is the Added Value Compared to 1.5T

	Neuro MR Problem Solving ~ 10:30 to 12:30 ~ Room 6D
	How To Use Parallel Imaging Techniques To Improve the Efficiency of Clinical CNS Imaging Protocols
	MR Angiography of the Carotids and Circle-of-Willis: Technical and Clinical Dilemmas

	MR Neurography for MSK Radiologists ~ 13:30 to 15:30 ~ Room 6C
	MR Neurography - Imaging Peripheral Nerves
	The Role of MRI in the Diagnosis and Treatment of Peripheral Nerve

	MR Physics for Clinicians ~ 16:00 to 18:00 ~ Room 6C
	Spin Echo 
	Gradient Echo 
	Fast Spin Echo 


	================
	Wednesday, 10 May 2006
	Technical Advances in Body MR ~ 07:00 to 08:00 ~ Room 618-620
	Coils, Receivers and Parallel Imaging: A Technical Perspective
	Parallel Imaging: A Clinical Perspective

	Cardiovascular Imaging ~ 07:00 to 08:00 ~ Room 6D
	MRA at 3.0T
	Cardiac MRI at 3.0T
	Cardiovascular Parallel Imaging at 3.0T

	Clinical DTI/PWI/fMRI ~ 07:00 to 08:00 ~ Room 4C-3,4
	Diffusion Tensor Imaging of Traumatic Brain Injury
	Clinical Output of DTI Measurements in Multiple Sclerosis

	MR Hardware/Engineering ~ 07:00 to 08:00 ~ Room 611-612
	Array Systems
	Receivers System

	Human MRI and MRS at High Static Magnetic Fields: The Promise, the Challenges, the Solutions ~ 07:00 to 08:00 ~ Room 615-617
	High Resolution Imaging: Why Is It Important for T1 Weighted Imaging, MRA and SWI?
	Parallel Excitation: Making SENSE of High-Field Body MRI

	New Horizons in Musculoskeletal MRI ~ 07:00 to 08:00 ~ Room 613-614
	MRI Evaluation of Cartilage Maturation
	MR Imaging of Cartilage in the Pediatric Patient

	Quantitative Neuro MRI ~ 07:00 to 08:00 ~ Room 602-604
	Quantification Issues in Bolus-Tracking Perfusion MRI
	Steady-State and First-Pass Contrast Agent Methods to Evaluate CBV, Vascular Morphology and Permeability

	Unsolved Problems and Unmet Needs in MR  ~ 07:00 to 08:00 ~ Room 6E
	Cytoarchitectonic MRI: Can MRI Be Used to Quantify Neural Tissue?
	Tissue Structure through Diffusion and Transverse Relaxation Measurements
	Unresolved Issues in Diffusion and Perfusion MRI: A Consensus from the Study Group

	Cardiovascular Imaging ~ 11:00 - 13:00 ~ Room 6E
	Coronary Whole Heart MRA
	MRA at 3T
	Advances in Delayed Gadolinium MRI of Heart and Vessels ~ No Syllabus Contribution Submitted
	Peripheral MRA: Competing in the MDCT Era

	MR Physics for Clinicians ~ 16:30 - 18:30 ~ Room 6C
	Imaging Options and Their Effects on SNR
	Ultrafast Imaging
	Field Strength Dependence in MRI-Advantages and Artifacts at 3T


	================
	Thursday, 11 May 2006
	Technical Advances in Body MR ~ 07:00 to 08:00 ~ Room 618-620
	DWI in Body Imaging
	PWI in Body Imaging

	Cardiovascular Imaging ~ 07:00 to 08:00 ~ Room 6D
	MRI of Global and Regional Myocardial Function
	MRI of Myocardial Perfusion
	MRI of Myocardial Viability

	Clinical DTI/PWI/fMRI ~ 07:00 to 08:00 ~ Room 4C-3,4
	Functional Connectivity
	Combining fMRI and DTI Applications

	MR Hardware/Engineering ~ 07:00 to 08:00 ~ Room 611-612
	Transmit Arrays Design
	RF Pulse Design for Transmit SENSE

	Human MRI and MRS at High Static Magnetic Fields: The Promise, the Challenges, the Solutions ~ 07:00 to 08:00 ~ Room 615-617
	Advances in Spectral Editing: MRS of Neurotransmitters
	Broadband Decoupling at High Field: Challenges and Solutions

	New Horizons in Musculoskeletal MRI ~ 07:00 to 08:00 ~ Room 613-614
	Functional Cartilage MRI
	Overuse Injuries in Elite Athletes

	Quantitative Neuro MRI ~ 07:00 to 08:00 ~ Room 602-604
	Recent Advances to Resolve Multiple Fibers Using Diffusion MRI
	Recent Advances in Fiber Tracking

	Unsolved Problems and Unmet Needs in MR  ~ 07:00 to 08:00 ~ Room 6E
	Exclusively MRI-Based Molecular Imaging: Can Magnetic Labeling of Physiologically Important Compounds via DNP or Parahydrogen-Induced Hyperpolarization Provide a Potential Supplement or Replacement of PET
	Direct Detection of Neuromodulation
	Development of Static Tracers for Myocardial Perfusion Imaging by MRI

	Stroke Imaging ~ 10:30 to 12:30 ~ Room 6C
	Neuroprotection: Biological Background and MR Implications
	The Current Status of Ongoing Clinical Trials: Beyond 3 Hours
	The Perspective of Pathophysiology - Guided Stroke Therapy
	MR Wish List for Stroke Neurologists: What Are We Missing? ~ No Syllabus Contribution Submitted

	Cardiac Problem Solving: Imaging the Coronary Arteries in 2006 - CT vs. MRCA ~ 16:30 - 18:30 ~ Room 6D
	Can CT Be Reliably Used for Plaque Characterization and Vessel Wall Imaging?
	Advanced MR Coronary Imaging at 3T: Promise or Perils?
	CT vs. MRCA: A Radiologist's Perspective
	Head-to-Head Comparison of CT and MRCA
	Assessing the Myocardium: Ischemia, Prognosis and Viability ~ No Syllabus Contribution Submitted

	Vascular Problem Solving and Case Presentation ~ 13:30 - 15:30 ~ Room 6C
	Vessels of the Neck
	Evaluation of Renal Vascular Disease
	MRA of the Run-Off's: Hands and Feet

	MR Physics for Clinicians ~ 16:30 - 18:30 ~ Room 6C
	Diffusion MRI
	MR Angiography
	Cardiac MRI


	================
	Friday, 12 May 2006
	Technical Advances in Body MR ~ 07:00 to 08:00 ~ Room 618-620
	Body MR Spectroscopy
	Fat-Water Imaging

	Cardiovascular Imaging ~ 07:00 to 08:00 ~ Room 6D
	Arrthymogenic Conditions
	Other Cardiomyopathies

	Clinical DTI/PWI/fMRI ~ 07:00 to 08:00 ~ Room 4C-3,4
	Diffusion MRI in the Fetus and Newborn
	Measuring Brain Perfusion in the Pediatric Brain

	MR Hardware/Engineering ~ 07:00 to 08:00 ~ Room 611-612
	ESR
	Hyperpolarized C13

	Human MRI and MRS at High Static Magnetic Fields: The Promise, the Challenges, the Solutions ~ 07:00 to 08:00 ~ Room 615-617
	Getting BOLDer with High Field fMRI
	Static Magnetic Fields: Bioeffects, Regulation and Management

	New Horizons in Musculoskeletal MRI ~ 07:00 to 08:00 ~ Room 613-614
	MRI Techniques for Stem Cell Trafficking
	Stem Cell Research Opportunities in the Musculoskeletal System

	Quantitative Neuro MRI ~ 07:00 to 08:00 ~ Room 602-604
	Voxel-Based Analyses
	Techniques for Measuring Brain Deformation

	Unsolved Problems and Unmet Needs in MR  ~ 07:00 to 08:00 ~ Room 6E
	Need for a Non-Commercial Open-Source MR Simulator
	Does The Principle Of Reciprocity Hold At High Field MR?

	Therapy Assessment ~ 10:30 to 12:30 ~ Room 6E
	The Needs and Opportunities of Imaging as Bio- or Surrogate Markers - A Strategic Perspective
	Goals for Assessment of Response - A Clinical and Cooperative Trial Structure ~ No Syllabus Contribution Submitted
	Integrating MR Response Information within Trials: A Quality Assurance Perspective
	Using MR to assess Therapeutic Response - An Investigator's Perspective





